Moderate focal brain hypoxic-ischemic (HI) injury in the immature P3 rat leads to loss of cortical volume and disruptions of cortical myelination. In this study, we characterized the time course and pattern of cellular degeneration, axonal disruption, astrogliosis, and microglia activation. After moderate transient unilateral hypoxia-ischemia, brains were collected at set time points and positive staining was assessed. Cellular degeneration stained with Fluoro-Jade B (FJ-B) was distributed in a columnar pattern, primarily within the deep cortical layers V-VII extending up to layer IV of the parietal cortex (pCx). FJ-B staining increased in the ipsilateral pCx 12 and 24 h (p Ͻ 0.05) after the injury. ␤-Amyloid precursor protein immunoreactivity indicating axonal disruption increased at 24 h (p Ͻ 0.05) and showed the same distribution as FJ-B. Glial fibrillary acidic protein-positive astrocytes increased dramatically within the ipsilateral pCx from 24 h (p Ͻ 0.05) to 18 d (p Ͻ 0.001) after HI injury and displayed a columnar pattern extending from the deep cortical layers to layers IV. Isolectin-B4 and ED1-labeled microglia were also increased within the ipsilateral deep pCx and underlying white matter between 12 and 24 h (p Ͻ 0.01), and increased Isolectin-B4 lasted up to 7 d after injury. These observations are consistent with the hypothesis that neuronal loss, astrogliosis, and microglia activation precede the subsequent disruption of cortical growth and myelination. This model offers new possibilities for investigating the cellular and molecular mechanisms of damage and repair after neonatal HI injury. Approximately 5-10% of infants who are born at Ͻ1500 g show severe spastic motor deficit, and an additional 25-50% exhibit less severe neurodevelopmental disabilities involving motor, cognition, and behavioral deficits (1). Neuropathologic features in the premature infant include the distinct cystic white matter lesions termed periventricular leukomalacia (PVL) and, commonly, a more subtle and diffuse lesion with loss of white matter volume and ventriculomegaly (1,2). Magnetic resonance imaging in preterm infants has revealed abnormal diffusion signal within the white matter of preterm infants with subsequent PVL (3) and also alterations in cerebral grey and white matter development (4,5). Most animal models of hypoxia-ischemia in the immature brain are pathologically relevant to the mildly preterm infant (30 -34 wk) and term infants with neuronal loss in the cortex and deeper nuclear regions, including striatum, thalamus, and hippocampus (6,7). Models that closely resemble the alterations of brain development with loss of grey matter and diffuse white matter injury with ventriculomegaly seen more frequently in the more preterm infant are less available. The P3 rat shares some similarities in terms of cortical neuronal, glial, and oligodendroglial development to Received October 3, 2003; accepted September 29, 2004 
Approximately 5-10% of infants who are born at Ͻ1500 g show severe spastic motor deficit, and an additional 25-50% exhibit less severe neurodevelopmental disabilities involving motor, cognition, and behavioral deficits (1) . Neuropathologic features in the premature infant include the distinct cystic white matter lesions termed periventricular leukomalacia (PVL) and, commonly, a more subtle and diffuse lesion with loss of white matter volume and ventriculomegaly (1, 2) . Magnetic resonance imaging in preterm infants has revealed abnormal diffusion signal within the white matter of preterm infants with subsequent PVL (3) and also alterations in cerebral grey and white matter development (4, 5) . Most animal models of hypoxia-ischemia in the immature brain are pathologically relevant to the mildly preterm infant (30 -34 wk) and term infants with neuronal loss in the cortex and deeper nuclear regions, including striatum, thalamus, and hippocampus (6, 7) . Models that closely resemble the alterations of brain development with loss of grey matter and diffuse white matter injury with ventriculomegaly seen more frequently in the more preterm infant are less available. The P3 rat shares some similarities in terms of cortical neuronal, glial, and oligodendroglial development to the very preterm infant (8, 9) . To define the nature of diffuse injuries and potentially subsequent altered brain development of the very preterm infant (24 -28 wk), we characterized the effects of a moderate unilateral hypoxic ischemic injury in the immature P3 rat brain. A moderate hypoxia-ischemia at P3 showed a reduction of cortical size with alteration in the deep cortical myelination pattern at P21 (10) . The histopathologic changes underlying these alterations of cortical development after hypoxic-ischemic (HI) injury in the very immature brain were not defined. The aim of this study was to characterize the neuropathologic alterations and the time course of neuronal degeneration, axonal disruption, astrocytic, and microglial activation after the moderate unilateral HI injury at P3.
METHODS
The University of Auckland Ethics Committee approved these studies. Hypoxia-ischemia. P3 Wistar pups had right carotid cauterization under halothane anesthesia. After a 30-min recovery period at 37°C in 85 Ϯ 5% humidity, they underwent 6% O 2 hypoxia for 30 min in the same thermoneutral conditions. The pups then were returned to the dam and maintained in normal holding conditions at 22°C with a light/dark cycle of 12 h. At the preset time points, pups were taken for brain collection.
Histologic preparation. The pups were killed with an overdose of pentobarbital and had an intracardiac perfusion of NaCl 0.9% followed by fixation of the tissue with 4% paraformaldehyde in 0.1% PBS. The brain was collected and processed in increasing percentage of ethanol and embedded in paraffin. Contiguous thin 4-m sections at the level of the dorsal hippocampus were cut on a microtome (Leica, Germany) and collected on Polysine (Esco, Erie Scientific Co., Portsmouth, NH) slides.
Fluoro-Jade B staining. Fluoro-Jade B (FJ-B; Histo-Chem Inc., Jefferson, AR) stains for degenerating neurons and axons in a number of neuronal injury models (11) and was used in this study to assess neuronal and axonal degeneration after HI injury. The sections were co-stained with 4',6'-diamidino-2-phenyllindole (DAPI; Sigma Chemical Co., St. Louis, MO) a fluorescent nuclear stain. Four-micron sections at the level of the dorsal hippocampus were cut, collected on Polysine slides, and dried overnight. They were dewaxed in xylene and hydrated. Then, following the protocol used by Schmued and Hopkins (11) , the sections were co-stained with FJ-B and DAPI. After 20 min in the staining solution, the slides were rinsed in water washes. Excess water was removed and the slides were dried, cleared by immersion in xylene, and coverslipped with DPX (Sigma Chemical Co.) mounting medium.
Immunostaining. All immunostaining was performed using the following protocol: paraffin sections, 4 m thick adjacent to the sections used for the FJ-B staining, were collected to Polysine slides, dewaxed in xylene, and brought to water through graded alcohols. Slides were placed in a 0.1-M phosphate buffer saline. For ED1 immunostaining, antigen unmasking was performed by incubating the sections in 0.1% trypsin (Type 2; Sigma Chemical Co.), 0.1% CaCl 2 solution (pH 7.8), at 37°C for 30 min. Endogenous peroxidase was blocked for 30 min in 0.3% H 2 O 2 in methanol. Nonspecific binding was blocked by incubating the slides in PBS buffer 1.5% horse serum [␤-amyloid precursor protein (␤-APP)] or 2.5% goat [glial fibrillary acidic protein (GFAP), ED1] and 1% BSA for 30 min at room temperature. They then were incubated with the various primary antibodies: 1) to the ␤-APP (MAB 343, Chemicon, Temecula, CA) diluted to 1:100 in 1% normal horse serum/ 0.1% BSA (Sigma Chemical Co.) in 0.1 M Tris-HCl buffer pH 7.4 -0.3% triton overnight at 4°C; 2) to GFAP 1:400 (Z334; Dako, Glostrup, Denmark) in PBS-T overnight at 4°C; and 3) to ED1, 1:100 (CBL1511; Cymbus Biotech, Flanders, NJ) in PBS-T overnight at 4°C. This was followed with a 60-min incubation at room temperature with biotinylated secondary horse anti-mouse IgG 1:200 (Vectastain kit; Vector Laboratories, Burlingame, CA), biotinylated secondary goat anti-rabbit IgG 1:400 (Life Science, Amersham, Piscataway, NJ), and biotinylated secondary goat anti-mouse IgG 1:200 (Life Science, Amersham) for each of the three primary antibodies. With the use of the Vectastain ABC system, the sections were developed with diaminobenzidine (Sigma Chemical Co.) according to the manufacturer's instructions. For Isolectin-B4 (Molecular Probes, Eugene, OR) staining, endogenous peroxidase was blocked in 0.3% H 2 O 2 in methanol for 30 min, and sections were incubated overnight at 4°C with biotinylated Isolectin-B4 and revealed using the Vectastain ABC system and diaminobenzidine according to the manufacturer's instructions. Sections were lightly counterstained with hematoxylin-eosin, dehydrated, cleared, and mounted using Micromount (Surgipath, Richmond, IL). In every experiment, a control for which the primary antibody was omitted was used as a negative control.
Experimental design and analysis. For characterizing the pathogenesis of the lesions after HI, pups were killed at different time points after the HI injury: 3 h (n ϭ 13), 6 h (n ϭ 13), 12 h (n ϭ 15), 24 h (n ϭ 14), 72 h (P6; n ϭ 14), 7 d (P10; n ϭ 13), 11 d (P14; n ϭ 15), and 18 d (P21; n ϭ 14). For minimizing external variability, a block design was used and pups in each experimental litter were taken at the different time points. Two pups from each litter remained with the dam during surgery and hypoxia of the others; these were used as control animals at the different time points. As previously shown, after HI at P3, there was no significant difference in the reduction of cortical size at P21 measured at anterior, middle, and posterior levels of the brain (striatum, dorsal hippocampus, and ventral hippocampus, respectively) (10) . Therefore, in this study, we analyzed the cortex, hippocampus, thalamus, and corpus callosum (CC) at the level of the dorsal hippocampus only (Fig. 1) . For each brain and staining, four contiguous sections that contained full and symmetric dorsal hippocampus were assessed. During the assessment of the brains, the investigator was blinded to the grouping of the animals.
FJ-B staining, ␤-APP, GFAP, Isolectin-B4, and ED1 immunoreactivity assessment. As described by Schmued and Hopkins (11), FJ-B is an anionic fluorescein derivative used for positive staining of degenerating neurons and axons. The high signal-to-noise ratio means that fine neuronal processes, including distal dendrites, axons, and axon terminals, can be more readily detected. DAPI is a fluorescent nuclear stain. ␤-APP is a protein found in the neuronal cell and is associated with the cytoskeleton's being transported by fast anterograde axonal transport (12) . ␤-APP accumulation is a sensitive marker of axonal injury and dysfunction in traumatic (13) , ischemic (14) , or chemical (15) injury. In this study, the accumulation of ␤-APP immunostaining in cell bodies and axons with retracted processes was considered as positive for axonal disruption. GFAP is an intermediate filament that is up-regulated in response to injury to the CNS and was used as a marker for glial reactivity in the brain. The Griffonia simplicifolia Isolectin-B4 selectively recognizes ␣-D-galactosyl residues contained in membrane glycoconjugates, and histochemical methods based on incubation of brain tissue with this lectin label microglia cells forms, macrophages, and microvasculature (16) . Isolectin-B4 has been used to study rat brain microglia development (17, 18) as well as microglia activation after brain injury (19, 20) . ED1 antibody recognizes activated microglia-macrophages and is considered as a marker of microglia activation (19, 21, 22) .
For histopathologic assessment, sections at the level of the dorsal hippocampus were evaluated for positive staining with FJ-B under fluorescent microscope with a blue excitation light (450 -490 nm) and with a UV excitation (330 -380 nm) for DAPI. ␤-APP, GFAP, Isolectin-B4, and ED1 immunostainings were assessed under light microscopy. Fluorescence and immunoreactivity were assessed in the area between the rhinal sulcus laterally, the cingulum medially, and the external boundaries of the CC [parietal cortex (pCx) in Fig. 1 ]. This area includes the motor and somatosensory cortices and the entorhinal cortex. It is referred to as the pCx in the rest of the text. Hippocampus, striatum, and CC were also investigated. No degenerating neurons were seen in these later regions, and no further analysis was performed except for GFAP, Isolectin-B4 and ED1 in the CC. A previously published semiquantitative method (23) was used to assess for the ranges of positive fluorescent/immunopositive cells observed: no positive cells, 0%; scattered positive cells, Ͻ10%; 10 -50% of positive cells; 50 -90% of positive cells; and Ͼ90% of positive cells. Each defined region of the cortex was scored according to the range of fluorescent or immunopositive cells seen. For statistical analysis, the ranges attributed by the examiner were converted to a ratio scale of degenerating cells by taking the nominal cellular degeneration as the midpoint of each of these ranges (0, 5, 30, 70, and 95%, respectively) as previously described (23) . The extent of FJ-B fluorescence and ␤-APP, GFAP, Isolectin-B4, and ED1 immunopositivity in the pCx was calculated as the mean Ϯ SD of the percentage of fluorescence and immunopositivity for the pCx area from each slide. For assessing which cortical depth was most vulnerable to injury, pCx was divided further into three superficial, middle, and deep cortical bands corresponding anatomically, at the time of injury (P3), to layers I-III, layers IV-V, and layer VI plus remaining subplate layer VII (Fig. 1) . The remaining subplate was localized at the base of the cortical plate, immediately below layer VI and above the CC. Bands A, B, and C were determined in the characteristic seven-layered neocortex, with A containing the outer layers I-III, B containing layers IV-V, and C containing the deeper layers VI-VII ( Fig. 1 ). The extent of damage in the three levels of the pCx were scored and calculated as the mean Ϯ SD of the percentage of fluorescence and immunoreactivity for each band (A, B, C) from the four sections. As the data are not absolutely continuous, comparisons of the percentage of positive cells for FJ-B, ␤-APP, GFAP, Isolectin-B4, and ED1 in the ipsilateral and the contralateral hemispheres for each of the time points were made with the nonparametric Wilcoxon sign rank test and expressed as mean Ϯ SD. A p Ͻ 0.05 was considered as significant.
RESULTS
Cell injury stained with FJ-B. FJ-B-positive fluorescent cells were distributed in the pCx between the cingulum and rhinal sulcus (Fig. 2) . No labeled cells were seen in the other regions ipsilaterally or in the contralateral hemisphere. In the contralateral side, rare FJ-B-positive cells could be seen ( Fig.  2A) . In the ipsilateral pCx, FJ-B revealed different patterns of cell degeneration. Cellular degeneration appeared scattered (Fig. 2B), columnar (Fig. 2C ), or columnar with confluence in the deep layers of the cortex (Fig. 2D) . The degenerating cells in columns were extending from the deep cortical layers (band C) into the middle layers (band B) and up to the deeper limit of the external layers (band A). In the most severely damaged cortex, the lesion was extending sidewise, leading to confluence in the deeper layers rather than extending into the external layers (Fig. 2D) . The external cortical layers I-III (band A) were injured in 11 (10%) of the 111 animals studied, and these were the more severely injured animals. In contrast, the middle layers IV-V (band B) were injured in the less severely damaged animals [25 of 111 (22.5%)]. The majority of the injury was identified in the deep layers VI and VII (band C). At higher magnification, degenerating neurons that retained their initial pyramidal shape were seen in the deep and middle cortical layers IV-VII. Often these cells displayed enlarged processes with varicosities (Fig. 2E) . DAPI staining revealed viable cell nuclei as blue structures (Fig. 2F) . Cells with intense light blue to white fluorescence were distributed in a columnar pattern that corresponded with FJ-B-positive degenerating cells (Fig. 2E and F) . At high magnification, these cells when examined under FJ-B excitation light appeared condensed (Fig. 2G) , with DAPI staining showing bright round nuclear structures, suggestive of condensed chromatin clumps similar to that found in apoptotic delayed cell death (Fig. 2H ) (24) .
We observed a substantial increase in the number of FJ-Bpositive cells at 12 h after injury (p Ͻ 0.05). The peak of cellular degeneration was reached at 24 h (p Ͻ 0.01) and decreased below significance at 72 h when compared with the contralateral pCx (Fig. 3A) . From 48 h to 18 d (P21), a nonsignificant level of degenerating cells remained. The external, middle, and deep bands of the pCx were assessed separately to determine which layers were the most vulnerable to HI injury (Fig. 3B) . Significantly increased FJ-B-positive cells sphere. The pattern of ␤-APP staining was similar to that of FJ-B (Fig. 4A and B) . Columns of ␤-APP-positive cells were present in the pCx, extending from the deep to the middle layers (Fig. 4A) . No injuries were seen in the medial and lateral areas of the cortex. The outer layers (I-III) of the cortex displayed no positive staining with ␤-APP. Instead, a confluence of positive cells in the deeper layers (IV-VI and subplate) was seen in the more severely damaged animals. At high magnification, accumulation of ␤-APP could be seen in the neurons in the damaged area with a clear retraction, clubbing of the axons (Fig. 4B) . No distal axons within the white matter of CC showed accumulation of ␤-APP.
A significant increase in the number of cells showing ␤-APP accumulation from 12 h onward was present. The peak of axonal injury was reached at 24 h (p Ͻ 0.05) and declined at 72 h (Fig. 4C) Reactive astrogliosis revealed with GFAP. The pCx and CC displayed strong immunostaining for GFAP. Few positive cells were seen in the other ipsilateral regions and in the contralateral hemisphere. GFAP-positive cells were also present in the CC underlying the pCx. Similar to FJ-B and ␤-APP staining, the pattern of positive GFAP cells showed a columnar distribution within the deep and middle layers (IV-VII) of the pCx in the more severely damaged animals (Fig. 5A) . GFAPpositive cells showed an activated astrocytic morphology with larger cell body and thicker processes (Fig. 5B) . In the mildly damaged brains, the cellular distribution of GFAP staining seemed more diffuse within the deep cortical layers IV-VI.
A significant increased level of GFAP staining was present at 24 h (p Ͻ 0.05) and remained at the later time points up to 18 d (P21) after the injury (p Ͻ 0.05; Fig. 5C ). Similarly, in the ipsilateral CC, a significant increase of GFAP-immunopositive cells was present from 24 h (p Ͻ 0.01) after the injury and persisted up to 18 d after the insult (p Ͻ 0.01; Fig. 5D ).
Microglia activation revealed with Isolectin-B4 and ED1. Isolectin-B4 -positive cells were present in both ipsilateral and contralateral cortex and in the CC in all sections analyzed. In the ipsilateral hemisphere, cell morphology differences could be seen within the deep cortical layers and the underlying CC (Fig. 6A-D) . In the injured cortex and underlying CC, cell bodies appeared round, enlarged with reduced and thicker processes and increased staining. In the ipsilateral CC, a medial to lateral gradient of activated microglia was seen, with more round amoeboid microglia present in the medial part of the CC near the cingulum. In the contralateral cortex and CC, with increasing postnatal age, Isolectin-B4 -positive cells showed a shift from immature round cells to the morphology of resting ramified microglia with small cell body and extended thin processes. In parallel, they showed reduced staining. Isolectin-B4 -positive vessels were also present in both cortices.
In addition to morphology changes, the ipsilateral pCx Isolectin-B4 staining was increased at 12, 24, and 72 h (p Ͻ 0.01); remained high at 7 d (p Ͻ 0.05); then decreased at the later time points (Fig. 6E) when compared with the contralateral cortex. Similar in the ipsilateral CC, an increase of Isolectin-B4 -positive cells was also present at 12, 24, and 72 h (p Ͻ 0.01) and 7 d (p Ͻ 0.05) after injury (Fig. 6F) .
Whereas the ipsilateral pCx and CC showed positive immunostaining for ED1, very few positive cells were seen in the other regions scored and in the contralateral hemisphere. Similar to the pattern described for FJ-B, ␤-APP, GFAP, and Isolectin-B4 staining, ED1-positive cells were localized within the deep and middle layers of the pCx (IV-VII) and within the ipsilateral underlying CC. Positive ED1 cells appeared uniformly round within the ipsilateral deep cortex and the CC.
In the ipsilateral pCx, ED1 immunoreactivity was increased at 12 and 24 h (p Ͻ 0.05) and then progressively decreased at the later time points (Fig. 6G) . In the ipsilateral CC, an increase of ED1-positive cells was also present at 12 and 24 h (p Ͻ 0.05) after injury (Fig. 6H) . In general, the overall amount of ED1-labeled microglia in the ipsilateral cortex and CC remained low compared with Isolectin-B4 staining of resting and activated microglia.
DISCUSSION
In our previous work, we demonstrated that a unilateral moderate hypoxia-ischemia at P3 leads to a distinctive reduction of cortical size with an altered pattern of cortical myelination 18 d after the HI injury (10) . The aim of this study was to provide a detailed qualitative characterization of the histopathologic changes after this HI injury. In addition, these qualitative alterations were supported by a semiquantitative assessment of neuroaxonal injury and astrogliotic and microglial activations with time. However, if this model were to be used for testing of protective therapies, then precise cell count and density measurements should be performed to account for changes in brain area after hypoxia-ischemia. In this descriptive histopathologic study, we demonstrate that most neuroaxonal damage was limited to the deep layers IV-VII of the pCx 12-24 h after a moderate HI injury in the immature P3 rat brain. We also showed that neuronal injury is followed with a prolonged astrocytic and microglial activation in the damaged cortical area and the underlying CC. The cerebral development alterations seen in this model seem relevant to diffuse injury and altered brain development that has been shown by magnetic resonance imaging in the very preterm infant (4,5,25 ). 
DEEP CORTICAL INJURY IN THE P3 RAT BRAIN
Brain immaturity and pattern of injury. The deep cortical columnar pattern of damage, with no injury in other regions, rather than laminar damage seen in older rat after hypoxiaischemia (6) is likely to be a reflection of the developmental vulnerability at this stage of cerebral maturation. The damage was predominantly in the deeper layers V-VI and subplate (layer VII) of the pCx, with no damage in the outer layers. Several studies in rodents and sheep have shown a higher vulnerability to hypoxia-ischemia of mature neurons found in these deeper layers in comparison with immature neurons found in layers I-III (6, 26, 27) . This difference in vulnerability between immature and mature neurons is likely to be related, at least in part, to their susceptibility to excitotoxic injury (28, 29) and to oxidative metabolism (30) . In addition, the columnar and deep cortical pattern of damage is consistent with the immaturity of the vasculature and its autoregulation at this age. Side branches between the long penetrators are not fully developed at this age, thus creating watershed regions that are more vulnerable to hypoxia (1, 31) . Therefore, the columns of injury are likely to be found in areas where the density of the vascular system is low. Recently, McQuillen et al. (32) in a model of HI injury in P1-2 rat pups showed a similar pattern of damage: 12 h after hypoxia-ischemia, increased dying cells were seen in the deep cortical layers of the pCx at the level of the dorsal hippocampus, with other brain regions showing very limited injury. This cell death decreased at 24 h and was not detectable by 4 d after injury. It was accompanied with increased GFAP immunostaining that had the same distribution as dying cells. Furthermore, they showed a specific decrease in the number of subplate neurons. The subplate layer has been shown to assist in targeting the major axonal pathways into the cortex, including the corticothalamic and corticofugal axons during fetal brain development (33) . Most of these cells then undergo apoptosis. In rodents, remaining neurons form a thin, distinct layer VII and the interstitial cells of the white matter (34) . Neurons in layer VII participate in local and longdistance cortico-cortical connections but do not send projections to subcortical regions (35) and thus should be considered as part of the mature cortical neuronal mantle. Thus, injury of these deep subplate neurons during early postnatal brain development is likely to alter neuronal connectivity of the mature brain and lead to abnormal brain development and neurologic dysfunctions. Motor deficits have been shown to be present in mature rats after an HI injury at P1-2 (32) .
Relevance to the diffuse component of brain injury in the preterm. This model is a moderate injury model and does not produce overt necrotic lesions compared with the P7 HI model (26) but leads to alterations of cortical development and myelination at P21 (10) . Localized necrotic and/or apoptotic cell death is likely to be present, and the DAPI stain showed the presence of nuclei with features of apoptotic cell death in the columns of degenerating cells. Neurons with presumed axonal injury, demonstrated by ␤-APP immunostaining accumulation, showed swollen, irregular, and distended axons. These morphologic features were similar to that described in neuropathologic studies of preterm brains with diffuse brain injury (36, 37) . The neuroaxonal damage found in the first 24 h may favor axonopathy as a direct effect of hypoxia-ischemia. Sim- ilarly, in neuropathologic studies of PVL in the preterm infant, ␤-APP-positive axons have been found at an early stage with involvement of pyramidal neurons from cortical layer V, and ␤-APP accumulation was suggested as an early sign of neuroaxonal damage in PVL (38) . Our study demonstrates that neuronal death and axonal disruption were early and prominent events after moderate HI injury in a P3 rat model. The increased and persisting astrogliosis after the acute HI injury was present in the area of injury in a similar pattern as seen in previous animal models (39) and in preterm infants with PVL (40) . Whereas neuroaxonal degeneration occurred early after hypoxia-ischemia, astrocytes were activated during the same period and remained activated at later time points. The role of this persistent gliosis has to be determined. Astrocytic activation after CNS injury is believed to promote recovery by isolating injured regions from the rest of the brain. Furthermore, activated microglia, detected by Isolectin-B4 -positive cells showing morphologic changes, was increased 72 h after the injury and then decreased at 7 d after hypoxia-ischemia. Similar to our findings, studies on microglia/macrophages activation after severe HI injury in the P7 rat have shown a microglia activation within 24 h of the injury, peaking between 48 and 96 h and then disappearing at later time points (19, 21, 41) . The differences in the amount of Isolectin-B4 and ED1-positive cells during the time course are likely to be a reflection of the different microglia populations labeled with these markers. Milligan et al. (18, 22) proposed that ED1-positive cells are brain macrophages and do not represent the overall population of microglia/macrophages that are present in the brain or activated after brain injury. Thus, Isolectin-B4 stains the overall population of brain microglia/macrophages, whereas ED1 is limited to brain macrophages (18, 22, 41) . The clear morphologic modifications of Isolectin-B4 -positive cells from quiescent arborized cells to round amoeboid shape that was present in the injured cortical areas and in a decreasing gradient from the medial to the lateral CC likely represent microglial activation but could also be recruitment of immature microglial cells that show a similar morphology (19, 42) .
The mechanisms underlying distinctive pathologic changes after preterm brain injury and the subsequent developmental perturbation are not yet fully understood (43) . Our observations suggest that, in this model, one important mechanism of damage leading to the subsequent deficit in cortical myelination previously described (10) is the early neuroaxonal injury followed by a prolonged astrogliosis and microglia activation. This does not exclude injury to the developing oligodendrocytes. It has been proposed that oligodendrocyte progenitors are particularly vulnerable to ischemia at this developmental period and that the loss of these cells leads to deficient myelination (44, 45) . In this study, we did not address this important issue. However, in a preliminary experiment, we found an immediate and significant increase in NG2-positive oligodendrocyte progenitors after hypoxia-ischemia with no evidence of apoptotic death of these cells (46) . During the postnatal period analyzed here, there is an intense gliogenesis (including oligodendrocytes, astrocytes, and microglia) with proliferation, differentiation, and migration of all cell lineages. Therefore, during these highly dynamic processes, multiple immunolabeling with oligodendrocyte lineage-specific markers (NG2, O4, O1, A2B5, and MBP) (8, 47) in combination with neurofilaments, cell death, and proliferation markers would be required for a detailed assessment of damage and recovery in the oligodendrocyte population.
CONCLUSION
In conclusion, our study documented that a moderate HI injury to the P3 rat brain leads to neuroaxonal damage in the deep cortical layers (IV-VII) during the initial 12-24 h after the injury. In addition, important astrogliotic and microglial reactions started at the same time and persisted for weeks after the initial injury. The neuroaxonal disruption and gliosis described in our model of moderate HI injury in the P3 immature brain are comparable to certain neuropathologic features of diffuse PVL seen in preterm infants (40, 48) . The early neuropathologic events described in this study certainly contribute to the loss of cortical volume and disruption of myelination at P21 seen in the long term with this model (10) . To define the relationship of diffuse white matter injury with altered cortical development in the preterm infant, further analysis of the cell types and of the damage and repair mechanisms involved will be necessary.
